Identification, characterization, and molecular cloning of a novel hyaluronidase, a member of glycosyl hydrolase family 16, from Penicillium spp.  by Bakke, Mikio et al.
FEBS Letters 585 (2011) 115–120journal homepage: www.FEBSLetters .orgIdentiﬁcation, characterization, and molecular cloning of a novel hyaluronidase,
a member of glycosyl hydrolase family 16, from Penicillium spp.
Mikio Bakke ⇑, Jun-ichi Kamei, Akio Obata
Research and Development Division, Kikkoman Corporation, 399 Noda, Chiba 278-0037, Japan
a r t i c l e i n f o a b s t r a c tArticle history:
Received 27 August 2010
Revised 22 October 2010
Accepted 13 November 2010
Available online 19 November 2010
Edited by Miguel De la Rosa
Keywords:
Glycoside hydrolase family 16
Hyaluronate 4-glycanohydrolase
Hyaluronidase
Penicillium spp.0014-5793/$36.00  2010 Federation of European Bio
doi:10.1016/j.febslet.2010.11.021
Abbreviations: GH, glycosyl hydrolase family; H
uronidase; HAase-P, hyaluronidase from Penicillium s
from Penicillium funiculosum; HAase-PP, hyalu
purpurogenum
⇑ Corresponding author. Fax: +81 4 7123 5948.
E-mail address: mbakke@mail.kikkoman.co.jp (M.Hyaluronidase (HAase) activity was detected in the culture supernatants of Penicillium purpuroge-
num and Penicillium funiculosum. The HAase from Penicillium spp. (HAase-P) was a hyaluronate
4-glycanohydrolase, which catalyzed the endolytic hydrolysis of the b-1,4 glycosidic linkage, as do
vertebrate HAases. The gene encoding HAase-P was cloned and expressed in Escherichia coli. Accord-
ing to homology analyses of the deduced amino acid sequences, HAase-P is not classiﬁed into any of
the known HAase groups, but belongs to glycoside hydrolase family 16, which includes endo-b-
1,3(4)-glucanase. Regarding the substrate speciﬁcities, no chondroitinase and glucanase activities
were detected. Judging from homology analyses and enzymatic properties, HAase-P seems to be a
new type of HAase.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction ever, the enzyme properties of these actinobacterial and fungalHyaluronan (HA) is a high-molecular-weight polysaccharide
composed of repeating D-glucuronic acid-b-1,3-N-acetyl-D-gluco-
samine disaccharide units linked through b-1,4 bonds. Enzymes
that can degrade HA are called hyaluronidases (HAases), and are
commonly classiﬁed into three groups, based on their catalytic
reactions: hyaluronate 4-glycanohydrolase (hyaluronoglucosamin-
idase, EC 3.2.1.35), hyaluronate 3-glycanohydrolase (hyaluronoglu-
curonidase, EC 3.2.1.36), and hyaluronate lyase (EC 4.2.2.1) [1,2].
The two hydrolases endolytically cleave the b-1,4 and b-1,3 glyco-
sidic linkage in HA, respectively, and generate corresponding oligo-
saccharides composed of unchanged repeating disaccharide units.
The lyase catalyzes the b-elimination of the b-1,4 glycosidic link-
age, which induces an unsaturated bond in the termini. To date,
many hyaluronidases have been identiﬁed from various sources.
For example, hyaluronate 4-glycanohydrolases are present in tes-
tes, plasma and in a wide variety of vertebrate tissues [2], and in
the venom of snakes and bees. Hyaluronate 3-glycanohydrolases
are found in leeches, and hyaluronate lyases are widely distributed
in bacteria. In addition, HAase activities have also been found in
Streptomyces, Candida, and Malassezia pachydermatis [3–5]. How-chemical Societies. Published by E
A, hyaluronan; HAase, hyal-
pp.; HAase-PF, hyaluronidase
ronidase from Penicillium
Bakke).HAases have not been characterized and there is a paucity of se-
quence data.
In the current study, HAases were detected in cultures of the
fungi, Penicillium spp. Analyses of the digestion products allowed
classiﬁcation of their catalytic reactions. Gene cloning and homol-
ogy analyses of the deduced amino acid sequences indicated that
they do not belong to any known HAase groups, and they shared
high similarity to endo-1,3(4)-b-glucanases of the glycoside hydro-
lase family 16, which does not contain vertebrate HAases. The
enzymatic properties and heterologous expression of the gene
are also described.
2. Materials and methods
2.1. Materials
HA (sodium hyaluronate, 1.8–2.2 MDa) were obtained from
Foodchemifa (Tokyo, Japan). HA-tetrasaccharides was purchased
from Funakoshi (Tokyo, Japan). N-Acetyl-D-glucosamine was pur-
chased from Sigma–Aldrich Japan (Tokyo, Japan). DNA-modifying
enzymes were obtained from Takara (Shiga, Japan) and New Eng-
land Biolabs (Beverly, MA). Escherichia coli DH5a was obtained
from Takara (Shiga, Japan). The plasmid miniprep kit was from
GE Healthcare Bio-sciences (Piscataway, NJ). The primers used in
this study were purchased from Sigma–Aldrich Japan (Tokyo,
Japan). Malt and bacterial beta-glucanase and cellulase kit was
from Megazyme (Wicklow, Ireland).lsevier B.V. All rights reserved.
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Penicillium spp. examined in this study were Penicillium purpur-
ogenum IAM 13753, IAM 13754 and Penicillium funiculosum IAM
13752. Liquid cultures of the fungal strains were incubated at
30 C on a rotary shaker for 120 h in the peptone-dextrose medium
(2% dextrin, 1% polypeptone, 0.5% KH2PO4, 0.1% NaNO3, 0.05%
MgSO47H2O, and 0.1% casamino acids, pH 6.0).
2.3. Enzyme activity
HAase activity in cultures was screened by evaluating the
change of molecular mass of digested HA using gel permeation
chromatography with TSK-gel G4000PWXL (7.8 mm  300 mm,
Tosoh, Tokyo, Japan). One hundred microliter of the reaction mix-
ture was injected and eluted under constant ﬂow (1 ml/min) of
0.2 M NaCl at 30 C. The elution was monitored at 210 nm. Shodex
STANDARD P-82 (pullulan, Showadenko, Tokyo, Japan) was used as
standards of the molecular mass.
HAase activity was also determined by the colorimetric Mor-
gan–Elson assay method [6,7]. The enzyme sample was diluted
with 50 mM sodium formate (pH 3.0). Two hundred microliter of
enzyme sample was mixed with 800 ll of 0.15% HA in 50 mM so-
dium formate (pH 3.0), and the reaction mixture was incubated for
18 h at 43 C. In order to stop the reaction, the mixture was boiled
for 5 min. Then 125 ll of the reaction mixture was mixed with
25 ll of 0.8 M K2B4O7 and boiled for 3 min. After adding 750 ll
of 10% p-dimethylaminobenzaldehyde (DMAB) reagent in glacial
acetic acid containing 1.5 N HCl, the solutions were incubated for
20 min at 37 C. Then the increase in absorbance was measured
at 585 nm with a spectrophotometer. A heat-inactivated sample
was also measured as a control. In order to calculate the concentra-
tion of N-acetyl-D-glucosamine terminus in the reaction mixture,
N-acetyl-D-glucosamine solution (0, 3, 30, 100, 300 lg/ml) was
prepared as the standards, and simultaneously assayed for making
calibration curve. One unit of enzymatic activity was deﬁned as the
amount of enzyme that produced 1 lmol of N-acetyl-D-glucosa-
mine terminus per min under the above assay conditions. Each as-
say was performed twice and the average was adopted as a
measurement value.
2.4. Analysis of digested HA
The reaction mixture prepared in ‘‘2.3. Enzyme activity’’ was ap-
plied to an anion-exchange HPLC with TSK-gel Super-Q-5PW col-
umn (7.5 mm  75 mm, Tosoh, Tokyo, Japan). One hundred
microliter of the sample and authentic HA-tetrasaccharides were
injected respectively, and eluted under constant ﬂow (1.0 ml/
min) and linear gradient of 0–300 mM NaCl for 80 min at 40 C.
The elution was monitored at 210 nm, then each peak was frac-
tionated and desalted by gel ﬁltration on TSK-gel G2500PWXL col-
umn (7.4 mm  300 mm, Tosoh, Tokyo, Japan). Successively, each
fraction was concentrated by vacuum drying, and analyzed with
direct infusion electrospray ionization time-of-ﬂight mass spec-
trometry (ESI-TOF/MS) using QSTAR Elite (Applied Biosystems,
CA, USA). The electrospray interface was set in negative ion mode
with the capillary voltage at 3500 V and a heat source of 350 C.
The fraction was analyzed by ﬂow injection using 10 mM ammo-
nium formate containing 50% acetonitrile as the carrier solvent.
2.5. Zymography
The culture supernatant of P. purpurogenum IAM 13753 was
concentrated by Centriprep YM-10 (Millipore, Bedford, MA) and di-
luted with Laemli’s sample buffer containing 4% SDS without
reducing reagent [8]. After incubation for 1 h at 37 C, 5 ll of themixture was applied to a 10% SDS–polyacrylamide gel containing
0.017% HA. After electrophoretic run at 25 mA for 70 min at 4 C,
the gel was rinsed with 2.5% Triton X-100 for 80 min at room
temperature and incubated with 0.1 M sodium formate (pH 3.0)
containing 30 mM NaCl for 3 h at 37 C on an orbital shaker. The
gel was then treated with 0.1 mg/ml Actinase E (Kaken Pharmaceu-
tical, Tokyo, Japan) in 20 mM Tris–HCl (pH 8.0) for 2 h at 37 C.
Successively, the gel was stained with 0.5% Alcian blue in 25% eth-
anol–10% acetic acid.
2.6. Preparation of puriﬁed HAase from P. purpurogenum (HAase-PP)
The culture of P. purpurogenum IAM 13753 was centrifuged
(10 000g) and the supernatant was dialyzed with 20 mM potas-
sium phosphate (pH 7.0) containing 0.1 M NaCl. The resulting solu-
tion was applied to a column of Q-Sepharose fast ﬂow (GE
Healthcare Bio-sciences, Piscataway, NJ), and washed with
20 mM potassium phosphate (pH 7.0) containing 0.1 M NaCl. The
enzyme was eluted using a linear gradient of NaCl at 0.1–0.6 M
in 20 mM potassium phosphate (pH 7.0). To the elution, (NH4)2SO4
was added to 55% saturation with stirring, and the supernatant was
collected by centrifugation (13 000g). Subsequently, (NH4)2SO4
was added to 90% saturation with stirring, then the resulting pre-
cipitate was collected by centrifugation (13 000g) and dissolved
in 20 mM potassium phosphate (pH 7.0). To the crude enzyme
solution, 1.1 M (NH4)2SO4 was added. The enzyme solution was ap-
plied to a column of TOYOPEARL-Butyl 650C (Tosoh, Tokyo, Japan),
and washed with 20 mM potassium phosphate (pH 7.0) containing
1.1 M (NH4)2SO4. The enzyme was eluted using a linear gradient of
(NH4)2SO4 at 1.1–0.5 M in 20 mM potassium phosphate (pH 7.0).
To the elution, (NH4)2SO4 was added to 90% saturation with stir-
ring, and the resulting precipitate was collected by centrifugation
(13 000g) and dissolved in 20 mM potassium phosphate (pH 7.0).
2.7. N-Terminal and internal amino acid sequence analyses
The puriﬁed HAase-PP was applied to SDS–PAGE using 10–20%
(w/v) polyacrylamide gels (Daiichi Pure Chemicals, Japan). Then
the main band was excised from the gel and extracted with
0.1 M acetate (pH 8.5) containing 0.1% SDS. The amino acid se-
quence was determined by automated sequential Edman degrada-
tions using a model 492 protein sequencer (Applied Biosystems,
Tokyo, Japan). To determine internal amino acid sequences, the
puriﬁed HAase-PP was digested with endoproteinase Asp-N (Taka-
ra, Shiga, Japan) in 20 mM Tris–HCl (pH 9.0) overnight at 37 C. The
digested mixture was subjected to reverse-phase HPLC using a
Capcell pak C18 SG300 column (4.6 mm  150 mm, Shiseido, Ja-
pan) and eluted with a gradient of 0–80% acetonitrile with 0.1% tri-
ﬂuoroacetic acid. Isolated peptides were analyzed with the protein
sequencer.
2.8. Cloning and sequencing of cDNA
Two degenerate primers (50-TAY TTY GTN TTY GAY ACN GAA
ACN GAY CC-30 and 50-ACN GCN ACN GGN ARR TGY TTR AAR TC-
30) were designed based on the partial amino acid sequences. Total
RNAs were isolated from P. purpurogenum IAM 13753 and P. funi-
culosum IAM 13752 by employing ISOGEN (Nippongene, Toyama,
Japan), respectively. Then reverse transcription-PCRs (RT-PCRs)
were carried out using RNA PCR Kit (AMV) Ver. 3.0 (Takara, Shiga,
Japan). Each PCR product (ca. 200 bp) was subcloned into pT7Blue
T-Vector (Takara, Shiga, Japan) and sequenced with a CEQ2000XL
DNA Analysis System (Beckman Coulter, Fullerton, CA). The full-
length cDNAs for HAase-PP and HAase from P. funiculosum
(HAase-PF) were obtained by performing both 50- and 30-RACE
using RNA PCR Kit (AMV) Ver. 3.0 (Takara, Shiga, Japan) and 50-Full
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subcloned into pT7Blue T-Vector and sequenced in a similar man-
ner as above. As a result of considering the deduced amino acid se-
quence, the sequences presumed to be a start codon (ATG) and a
stop codon (TAA) were identiﬁed.
The full-length of the mature hyaluronidase genes were ampli-
ﬁed by RT-PCR using primers with an EcoRV site (50-AGT GTG GGA
GAT ATC ATG TAC AAG CTG CAA-30 and 50-CTC CTT GAA ACA GAT
ATC TCA TTG ATA CAG-30) for HAase-PP or PvuII site (50-GGG ACA
AGA CAG CTG ATG TAC ACG CTG CAC-30 and 50-TGA TAT CAT TCA
CAG CTG TCA CTG GTA CAA-30) for HAase-PF. The PCR products
were digested with EcoRV and PvuII, respectively, then cloned into
the cloning site of the vector pKK223-3 (GenBank accession No.
M77749) which is derived from pBR322 and expresses the inserted
gene under the control of the tac promoter. Thus the plasmids car-
rying HAase genes (pHA-PP and pHA-PF) were obtained and intro-
duced into E. coli DH5a. The nucleotide sequences of HAase-PP and
HAase-PF genes were determined in their entirety and homology
searches were performed using the BLAST program.
2.9. Heterologous expressions of recombinant HAase-PP and -PF
E. coli DH5a harboring the expression plasmid was grown at
25 C in LB medium (1.0% tryptone, 0.5% yeast extract, and 0.5%
NaCl) containing 50 lg/ml ampicillin, treated with 1 mM isopropyl
b-D-thiogalactopyranoside for 24 h, and pelleted by centrifugation
(13 000g). The cells were resuspended in 20 mM sodium acetate
(pH 6.0) and sonicated, then insoluble extracts were removed by
centrifugation (18 000g).
3. Results and discussion
3.1. Screening of HAase
We screened 100 fungal stock cultures for HAase activity at pH
4.0 and 7.0, because human acidic HAase, Hyal1, and neutral
HAase, PH-20, are mostly active approximately pH 4.0 and 7.0,
respectively [1,2,9]. HAase activity was examined using gel perme-
ation chromatography because it can detect the cleavage of both
b-1,4 and b-1,3 glycosidic bonds. HAase activities could be identi-
ﬁed in the cultures of P. purpurogenum IAM 13753, IAM 13754, and
P. funiculosum IAM 13752 at pH 4.0. The representative chromato-
graph of P. purpurogenum IAM 13753 is shown in Fig. 1. The detec-
tion of the activities in the culture supernatants indicated that they
produce HAase extracellularly.10 20 30 400
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Fig. 1. GPC-HPLC analyses of HA and its digests. (A) Intact HA (1.8–2.2 MDa). (B) HA
digests produced by the hyaluronidase from P. purpurogenum IAM13753.Other Penicillium spp., Penicillium roqueforti IAM 13799, Penicil-
lium citrinum IAM 7316, Penicillium camemberti IAM 13796 were
also examined, but no HAase activity was detected. Therefore
HAase seems to be distributed speciﬁcally in Penicillium spp.3.2. Properties of HAase-PP
The activity of HAases from Penicillium spp. (HAase-P) was
determined by the colorimetric Morgan–Elson assay. P. purpuroge-
num IAM 13753 showed the highest activity among the three
strains; therefore, HAase-PP was selected for characterization.
Firstly, its enzymatic properties were examined using the culture
supernatant. The reaction of HAase-PP was carried out at various
pHs and temperatures. HAase-PP had a pH optimum around 3.0–
3.25 and the enzyme activity could not be detected above pH
4.25 (Fig. 2A); thus, this enzyme is a slightly more acidic enzyme
than human Hyal1 [9]. The highest level of activity was observed
at 43 C, and it retained 80% of its maximum activity at 37–46 C
(Fig. 2B). The thermostability was also tested by incubating the en-
zyme at 30–60 C, pH 3.0 for 1 h prior to the reaction. The enzyme
retained more than 95% of its activity after incubation below 50 C
(Fig. 2C). Consequently, the optimal reaction conditions were
determined to be pH 3.0 and 43 C. Indeed, HAase-PP retained
more than 95% of its activity after 10 days’ continuous reaction
at 43 C, demonstrating a superior stability. The addition of 0.1–
0.4 M NaCl increased the enzyme’s activity by ca. 20–30%; how-
ever, the addition of MgCl2, CaCl2, and EDTA showed no signiﬁcant
effect on the enzyme.
To determine the manner of the enzyme’s catalytic reaction, we
analyzed the degradation products. On gel permeation chromatog-
raphy analyses, only a single peak appeared, and the retention time
was delayed in accordance with the passage of the reaction time,
indicating that HAase-PP catalyzes the endolytic cleavage of HA.
When the sample was applied to anion-exchange HPLC (Fig. 3),
the retention time of the peak No. 2 was identical to that of authen-
tic HA-tetrasaccharides (data not shown). Peaks No. 1–5 were then
fractionated and their molecular masses were examined by nega-
tive ion ESI-TOF/MS (Table 1). The spectrum was observed as
[MH] or [M2H]2 species, and the molecular mass of each peak
was estimated at 397, 776, 1155, 1534, and 1913, which corre-
sponded to those of the saturated disaccharide repeating units,
respectively [10,11]. An increase in absorbance at 232 nm derived
from the introduction of an unsaturated bond is characteristic of
the reaction product of bacterial hyaluronate lyases [1]; however,
HAase-PP cleaved HA without a change of absorbance at 232 nm,
which is similar to vertebrate HAases. In addition, the Morgan–El-
son assay, which was used to assay HAase-PP activity, demon-
strated the generation of reducing N-acetyl-D-glucosamine
termini [1,6,7]. These results veriﬁed that HAase-PP was a hyaluro-
nate 4-glycanohydrolase, which catalyzed the endolytic hydrolysis
of b-1,4 glycosidic linkages, as do vertebrate HAases. It has been
suggested that HAase is able to easily access the b-1,4 linkage com-
pared to the b-1,3 linkage because of the exposure of the b-1,4 link-
age by the HA helical structure and its greater ﬂexibility compared
to the b-1,3 linkage [2]. The manner of the reaction of HAase-PP
seems to support such a suggestion.
Regarding substrate speciﬁcity, vertebrate and bacterial HAases
degrade chondroitin (Ch), which is an N-acetyl-D-galactosamine
isomer of HA, at a slower rate than HA [1,2]. Hence, the activity
of HAase-PP toward Ch was also investigated. The analysis of the
reaction mixture by gel permeation chromatography showed that
the molecular mass of Ch remained unchanged. This data sug-
gested that HAase-PP distinguishes HA from Ch in all likelihood.
Furthermore, as shown in Fig. 1, HAase-PP produced saturated
HA-disaccharides, whereas bacterial HAase generates unsaturated
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Fig. 2. The enzymatic properties of the hyaluronidase from P. purpurogenum. Hyaluronidase activity was determined by the colorimetric Morgan–Elson assay method as
described under Section 2. (A) Effect of pH on the activity. The enzymatic activities at 43 C were assayed at various pHs in 50 mM sodium formate. (B) Effect of temperature
on the activity. The enzymatic activities in 50 mM sodium formate (pH 3.0) were assayed at various temperatures. Enzyme activity at 43 C was taken as 100%. (C) Thermal
stability. The samples in 50 mM sodium formate (pH 3.0) were heated at various temperatures for 1 h and residual activity was measured. Enzyme activity without heat
treatment was taken as 100%.
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Fig. 3. Anion-exchange HPLC analysis of hyaluronan oligosaccharides produced by
the hyaluronidase from P. purpurogenum. Numbered peaks were fractionated and
analyzed by ESI-TOF/MS (Table 1).
Table 1
ESI-TOF/MS analysis of fractionated hyaluronan oligosaccharides and calculated
molecular masses of parent ions.
Peak No.a Observed ion m/z Molecular mass Oligomer
1 [MH] 396.1 397.1 2-mer
2 [MH] 775.2 776.1 4-mer
3 [M2H]2 576.6 1155.2 6-mer
4 [M2H]2 766.2 1534.3 8-mer
5 [M2H]2 955.7 1913.5 10-mer
a Peak numbers correspond to those shown in Fig. 1.
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HA-tetrasaccharides, as products of exhaustive degradation.
3.3. Puriﬁcation, amino acid sequences, cDNA cloning, and
heterologous expression
Although a number of HAase genes and their homologs have
been cloned or assumed from many sources, there is no reportregarding the cloning of HAase from fungi. Therefore, we searched
for HAase-like proteins in the genome information of Penicillium
spp. by homology searching; however, no ﬁrm candidate was
found. Thus, we carried out conventional gene cloning of HAase-
P using enzyme puriﬁcation, N-terminal and internal amino acid
sequence analyses, and PCR.
Firstly, substrate gel zymography was performed using the cul-
ture supernatant of HAase-PP (Fig. 4A). It showed a single homoge-
neous band with HAase activity at ca. 30 kDa. This data suggested
that the fungus contained no homologous HAases.
Next, HAase-PP was puriﬁed from the culture (5 U/l) by a com-
bination of anion exchange chromatography, ammonium sulfate
precipitation, and hydrophobic interaction chromatography. The
puriﬁcation afforded a single band on SDS–PAGE (Fig. 4B), and
the molecular mass of the enzyme subunit was estimated to be
ca. 30 kDa, which corresponded with the result of the substrate
gel zymography without protein denaturation (Fig. 4A). Therefore,
HAase-PP was assumed to be a monomeric enzyme like other
(A) (B)
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20
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Fig. 4. (A) Zymography of hyaluronidase in the supernatant of the culture from P.
purpurogenum IAM 13753 (HAase-PP). (B) SDS–PAGE analysis of puriﬁed HAase-PP.
Left, molecular weight marker; right, HAase-PP. The arrows indicate bands
corresponding to HAase-PP.
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HAases.
Successively,N-terminal and internal aminoacid sequenceswere
analyzed using the protein excised and extracted from the gel of
SDS–PAGE. The N-terminal sequence of the intact HAase-PP was
identiﬁed as YKLQWDVTSSNFLDYFVFDTETDPSNGFVTYVDESRAS.
Internal peptide fragments generated with endoproteinase Asp-N
were also sequenced: peptide 1, DFKHLPVAVXGIWPAYXXINNLA;
peptide 2, DDVSNAYTSLHTSSNXTVS; peptide 3, DSLQIXVFTR (X:
not determined).
According to the sequences of the N-terminus and peptide 1,
two degenerate primers were designed. cDNA sequence was ob-
tained by RT-PCRs using total RNAs from P. purpurogenum IAM
13753 as templates. Next, 50- and 30-RACE extended the cDNA se-
quences, which ultimately contained sequence encoding the N-ter-
minal sequence, internal peptide sequences, and a stop codon
(TGA). Thus, the complete cDNA and deduced amino acid sequenceHAase-PP       1:------------------------MKGITLATAAVPLLLS
HAase-PF       1:------------------------MKTSTLAAAVCQVFLG
glucanase-CC   1:MSLKSLFVSAPLLWRGVTALPAGPGSWTHGNSTIVSSSDF
glucanase-AF   1:--------------------------MYIRSTLPILGFSA
HAase-PP      66:TSNGQIFLGVDNTTVLDSSATGRNSVRVYSQNTFSSGILI
HAase-PF      66:TSNNQIYLGVDKTTVLDSSSTGRNSVRVYSQNTFSSGILI
glucanase-CC  90:TQNNQVYMGVDSTSTLNPNGPGRRSVRIQSKTAYNRALVI
glucanase-AF  64:FANGAVYMGVDHTNVAGSS--GRQSVRLTSTKSYTHGLII
HAase-PP     156:NC--TVSDTDFTGTDVRTDC----TLSTSASGCGVESTAS
HAase-PF     156:TC--TLSNRNFTGTDTRTDC----TLS-SGGGCGVQSTSS
glucanase-CC 180:GCNPSIGPGGETGRRLAGDC----GADGGFNGCGIQADNP
glucanase-AF 152:GC--SIANGGFTGTLLTSNCYDYAPSQDTNAGCGIAATSS
HAase-PP     238:PLFEFDSTSDCGVSSNFLNQTVIFNIDFCGEEDAGGKEWA
HAase-PF     237:PLFEFDSNNGCDVSSNFIDQTVIFNLDFCGQNGAGGQEWS
glucanase-CC 266:PIANFGN-NGCDFDAKFRDLNIVFDVTFCG--DWAGGVWG
glucanase-AF 240:PLAKFAPGS-CSFDAHFSEMQIVFDTTFCG--GWAGSVWG
glucanase-AF 324:NATSHLNVQLPRKGGRRSPGLHGRGFLEGTGKW       
Fig. 5. Multiple alignment of protein sequences of hyaluronidase from P. purpurogenum
IAM 13752 (HAase-PF, GenBank ID: AB355480), endo-1,3(4)-b-glucanase from Cochlio
glucanase from Aspergillus fumigatus (glucanase-AF, TrEMBL ID: Q4WJP2). Conserved a
residues among all four sequences are boxed. The amino acids corresponding to the co
peptide and three peptides obtained by endoproteinase Asp-N cleavage of puriﬁed HAaof HAase-PP were determined (GenBank ID: AB371408). The 948-
bp open reading frame encoded a protein of 316 amino acids
(Fig. 5). The removal of the ﬁrst 21 N-terminal amino acids in
HAase-PP was demonstrated by comparison of the deduced amino
acid sequence to the N-terminal sequence of the puriﬁed protein.
According to the SOSUI program (http://bp.nuap.nagoya-u.ac.jp/
sosui/), this missing sequence was predicted to be a signal se-
quence, and was presumably cleaved off during secretion. The N-
terminal proteolytic cleavage resulted in a 295-amino acid protein
with a calculated molecular mass of 31.7 kDa, which corresponded
with the result of SDS–PAGE.
Homologous cDNA sequences from P. purpurogenum IAM 13754
and P. funiculosum IAM 13752 were also obtained using the se-
quence information of HAase-PP from P. purpurogenum IAM
13753. The nucleotide sequence obtained from P. purpurogenum
IAM 13754 was completely identical with that from P. purpuroge-
num IAM 13753. The cDNA sequence of the putative HAase-PF
from P. funiculosum IAM 13752 contains a 945-bp open reading
frame that encodes a protein of 315 amino acids (GenBank ID:
AB355480, Fig. 5). Homology analysis of the amino acid sequences
showed that HAase-PP shared 75% identity and 84% similarity to
the putative HAase-PF.
We then attempted to heterologously express the HAase-P gene
of in E. coli. The genes encoding mature HAase-PP and -PF, whose
sequence encoding the ﬁrst 21 N-terminal amino acids were de-
leted and replaced with a methionine (start) codon, were obtained
by 30-RACE using designed primers. The expression plasmids pHA-
PP and pHA-PF were constructed by the insertion of the genes into
the vector pKK223-3. When E. coli DH5a carrying pHA-PF was cul-
tured and induced with 1 mM IPTG, HAase activity was detected,
while the culture of E. coli without the expression plasmid showed
no activity. The temperature of the culture was varied, and it was
found that 25 C was optimal for the expression of the recombinant
HAase-PF (0.47 U/ml). Although E. coli carrying pHA-PP was also
cultured, no activity has been detected to date. In order to conﬁrm
whether the recombinant E. coli carrying pHA-PF and -PP produce
inclusion body, we investigated the extracts by SDS–PAGEs. As a
result, we could not almost ﬁnd corresponding bands around
30 kDa. Therefore, the expression of the recombinant proteinVGVAAYKLQWD-VTSSNFLDYFVFDTETDPSNGFVTYVDESRASSGGLYS  65
TRAVAYTLHWD-VNSSNFLDYFVFDTEADPTAGFVKYVDQSTASNDGLYS  65
SAAAAYNLIDTYDAS-NWASKFNFEDIADPTHGFVDYVTLQQAQQYGLFK  89
TGMAAYVLEDDYGTSTSFFDKFSFFTDPDPTGGFVSYVDRNTAQDTGL-I  63
TDFKHLPVAVCGIWPAYWTINNLADPYGEIDIIEAYDDVSNAYTSLHTSS 155
TDFAHLPVSVCGIWPAYWTINNQANPYGEIDIMEAYDDVAGAYVSLHTSN 155
ADFAHVPGSACGSWPAFWMVGPNWPNQGEIDIYEGVHLSSSNQVTLHTSP 179
LDLEHMPGGICGTWPAFWMLGPDWPSHGEIDIIEGVNTQPVNQMTLHSTD 151
-QFGAGFNSAGGGVWVLS-LSDSLQIWVFTRDNIPADITDGSPNPSGWGT 237
-QFGAGFNAAGGGVWVLS-LENSLQLWVFPRNQIPADITNGSPNPSSWGT 236
VSFGTPFNANGGGVYATLWTSSGVKVWYFATRNIPANIKSGNPDPSAWGT 265
RTYGTGFNNAGGGIYATEWTSAGISIWFFPRGSTPTDIRAGTPNPTNWGP 239
TWTDCLATTGVSTCNAYVAANPATYSETNFVINSIKLYQ            317
DWTDCATTTGQSTCNAYVAANPSAYSETYFSINSIKLYQ            316
S-TTR-AQVNPS-CVAYVASQPQNFSESYWLINSVKVYSV           339
S-GSC-ASVAPS-CQDFVANNPSAFREAYWLIESLKVYQDAPGESNNMRM 323
                                                   356
IAM 13753 (HAase-PP, GenBank ID: AB371408), hyaluronidase from P. funiculosum
bolus carbonum (glucanase-CC, TrEMBL ID: O14421), and putative endo-1,3(4)-b-
mino acid residues between HAase-PP and -PF are shaded. Conserved amino acid
nserved GEIDI motif are marked with asterisks. The sequences of the N-terminal
se-PP are underlined.
120 M. Bakke et al. / FEBS Letters 585 (2011) 115–120seems to be faint. The optimization of codons and culture condi-
tions is under examination.
3.4. Homology analyses of HAase-P
A BLAST search of amino acid sequences unexpectedly revealed
that HAase-P showed no detectable similarity to any known HAas-
es. The reaction mechanism of HAase-P was almost the same as
vertebrate and venom HAases, which are classiﬁed into glycoside
hydrolase family 56 (GH56); however, it appears that HAase-P
does not contain the conserved residues of GH56 HAases, such as
Glu131 (catalytic residue), Asp129, Tyr202, Tyr247, and Trp321
(substrate positioning residues) of human Hyal-1 [2]. On the other
hand, HAase-P shared ca. 40% identity with Cochliobolus carbonum
endo-b-1,3(4)-glucanase (TrEMBL ID: O14421) [12] and Aspergillus
spp. putative endo-b-1,3(4)-glucanases (ex. Aspergillus fumigatus,
TrEMBL ID: Q4WJP2), which are identiﬁed as members of GH16
(Fig. 5). Most GH16 endo-b-1,3(4)-glucanases have a motif of GEIDI
at the active site, and the corresponding amino acid residues are
also conserved in HAase-P (Fig. 5, asterisks). Indeed, this result
supports the fact that HAase-P catalyzes the endolytic hydrolysis
of the b-1,4 glycosidic linkage.
As a close relation between HAase-P and b-glucanase was re-
vealed, we investigated whether HAase-P shows b-glucanase activ-
ity. Although the cell lysate of recombinant E. coli harboring pHA-
PF, which showed HAase activity, was examined using a commer-
cially available b-glucanase assay kit, no glucanase activity was de-
tected. Therefore, we concluded that HAase-P is an ‘‘HAase’’, not a
b-glucanase with HAase activity. We also screened HAase activity
in commercially available glucanase preparations from Aspergillus
niger and Trichoderma sp., but could not detect the activity (data
not shown). To our knowledge, there has been no report that
GH16 or other glucanases have HAase activity; therefore HAase-P
seems to be a new type of HAase.Acknowledgments
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